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Abstract 
Polynuclear magnetic molecules often present dense transmission spectra with many overlapping 
conduction spin channels. Single-metal complexes display a sparser density of states, which in 
the presence of a fixed external magnetic field makes them interesting candidates for spin 
filtering. Here we perform a DFT study of a family of bis- and tris-dithiolate vanadium 
complexes sandwiched between Au(111) electrodes and demonstrate that [VO(C3S4O)2]2- can 
behave as a dual spin filter. This means that an external stimulus can switch between the 
selective transmission of spin-up and spin-down carriers. By using an electrostatic gate as 
external stimulus we show that the onset for the spin-up conductance is at a voltage Vg = -0.51 V 
but a small shift to Vg = -0.63 V is capable of activating spin-down transport. For both cases, we 
estimate a large low-bias conductance (approx. 2 µS at Vbias < 50 mV) with excellent spin 
selectivity (> 99.5%). We conclude by commenting on the general molecular requirements for 
the chemical design of further such spintronics components. 
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The discovery of the giant magnetoresistance1 and the tunnel magnetoresistance2 effects laid 
down the foundation of spin-based electronics including the possibility of using spins for 
quantum logic operations. These phenomena are part of the more general concept of spintronics, 
which relies on the use of the spin instead of the charge to encode information, an approach that 
permits the manipulation (write/read) of information using lower energies compared to those 
involved in conventional electronics. In addition in a magnetic material the spin direction 
remains preserved in the absence of any power3, namely spintronics devices may be intrinsically 
non-volatile. Molecular spintronics, developed in the last decade, 4, 5, 6 deals with the possibility 
of transferring the spintronic properties displayed by the purely inorganic compounds to systems 
made out of discrete molecules. Motivated by the fact that organic molecules are mostly formed 
by light atoms, which bear weak spin-orbit coupling and present low contact nuclear hyperfine 
interaction, molecular spintronics holds promises for enhanced quantum coherence and the 
preservation of the spin during the operation time; one of the key goals of the scientific 
community in this field.7 Recently, the fist quantum algorithm implemented in a single-molecule 
device by means of spintronics has been reported.8  
 
Chemists are playing an important role in this area by experimentally synthesizing a large 
number of promising molecules, specifically designed for spintronics-based quantum logic. 
Nowadays, the research focus covers a wide variety of molecules ranging from increasingly large 
p-conjugated molecules, high mobility (approximately, tens of cm2V-1s-1) systems and hydrogen-
free complexes.4 However, a deeper understanding of the relation between the spintronic 
behavior of a molecule and its structure is needed in order to address the optimization of the 
molecular systems a priori and help better focus the synthetic efforts. Theoretical calculations 
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are already giving important insights, such as those concerning the mechanism governing the 
spinterface behavior in Alq3.9  Additionally, theory can guide the synthetic experimental effort 
by tailoring and designing molecular systems that can act as functional modules for actual 
applications. This is the case of rationally designed polar molecules with an spin transition 
induced by electric field.10 
 
Among the many possible applications of spintronics, we focus on dual spin filtering, namely 
on the possibility of selecting the spin polarization of a device by applying an external stimulus. 
This is of particular relevance for the implementation of programmable spintronic devices. Given 
an adequate combination of spin-up and spin-down transport channels, it is in principle possible 
to switch the sign of the filtered spin within a given molecule-based device.11 In fact large 
magnetic molecules containing many magnetic ions typically present multiple conduction 
channels with either spin-up or spin-down potential 12. In principle this electronic structure can 
theoretically implement dual spin filtering, but in practice one requires an unrealistic precision in 
the control of the gate voltage (the external stimulus). As a result one may expect a poor spin-
filtering selectivity. In contrast, small mononuclear complexes may present simpler features, 
where highly conductive channels are also markedly sharp and can be addressed with precision 
with a gate voltage. This was for instance the case of some tris-dithiolate complexes.13 Previous 
theoretical explorations of spin-filtering effects using single-ion complexes have either assumed 
markedly unrealistic molecular structures and/or ill-defined external stimuli,14 or have merely 
found spin filtering in a single direction, with no possibility for dual filtering. 15, 16 (See SI-4 for a 
more detailed discussion) In this work we explore the behavior of the family of vanadium bis- 
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and tris-dithiolate, introduced by Freedman et al 17, contacted by two Au(111) electrodes to form 
a single-molecule dual spin filter device.  
 
 
Figure 1: Device scheme of a single-molecule the dual spin filter. A vanadium bis- and tris- 
dithiolate molecule is contacted to Au (111) electrodes. A backgate is also included in the device 
setup. 
 
The proposed device structure is presented in Figure 1. The operation of this molecular dual spin 
filter is based on applying a local electrostatic gate to a single-molecular junction. Here the gate 
voltage allows the tuning of the chemical potential across the DOS peaks corresponding to up 
and down spin conductance channels (E0=Eup-Edown/2). A bias voltage applied to the ends of the 
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molecule drives the current through the junction. This can present different spin polarization 
depending on the gate voltage, which places the Fermi level in resonance with either a spin up or 
a spin down channel. Hence, the requirement for this molecular device is that the molecule 
spectrum has at least two available close-lying but not overlapping spin-up and spin-down 
conductance channels. 
 
DFT calculations for the entire family of vanadium bis- and tris-dithiolate (using the procedure 
explained in Ref. 13) display a wide variety of behaviors, but some general trends can be 
extracted. Firstly, as we known from preliminary calculations,13 vanadium and vanadyl dithiolate 
complexes tend to present conduction channels available at the Fermi energy. Certainly, larger 
complexes, or molecules of higher complexity, tend to display richer spectra. Finally, due to 
better hybridization, strong S-Au contacts tend to result in wider transmission channels and in 
single-molecule conductances up to 20 mS at low voltages; steric impediments or weaker O-Au 
contacts result in sharper channels and conductance of about 2 mS at low voltages. 
 
We consider [VO(C3S4O)2]2- to be the best molecular dual spin filter candidate within the studied 
family. As can be seen in Figure 2, we find a spin-up conductance at a gate voltage Vgup = -0.51 
V, and a small shift to Vgdown = -0.63 V switches the system to spin-down conductance. In both 
cases we calculate an excellent spin selectivity (>99.5%) assuming a full spin polarization of the 
complex due to a fixed external magnetic field. Concerning the conductances, note that the 
computational approach we employ does not allow setting a given value for the gate voltage and 
instead the only possibility is to choose the total number of electrons. Thus, we are unable to 
directly evaluate the conductance corresponding to the transmission peaks at Vgup or Vgdown, and 
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instead we get an order-of-magnitude approximation by using the conductance of the peak close 
to the Fermi energy as a reference: there we find a strong conductance at low bias voltages 
(approx. 2 mS at Vbias<50 mV). Since this peak near EF is equally sharp but a little lower 
compared with the transmission peaks of our interest, and since this peak is slightly off-
resonance compared with the Fermi energy, this is a rather conservative estimate. While this is a 
limitation of our theoretical estimation of the conductance at the relevant gate voltages, note that 
a series of general experimental and theoretical diffuculties in this research field hamper the 
accuracy of calculated conductances in every case, as discussed in more length in SI-3. 
Importantly, this uncertainty in the details of each particular molecule, does not affect the 
analysis in chemical terms we perform below. 
Note that an alternative molecule showing a similar behavior is [V(α-C3S5)3]2-, a similar 
complex where the atom contacting the Au(111) electrodes is sulfur instead of oxygen and with  
a third dithiolate ligand coordinating the vanadium atom. For this system our calculations 
estimate that the gate voltage difference needed to switch the spin polarization is Δ(Vg) = 0.25 V, 
i.e. it is much larger than that of [VO(C3S4O)2]2-. However, the better S-Au contact results in this 
case in a spin-polarized conductance that can be up to an order of magnitude higher compared 
with that obtained for [VO(C3S4O)2]2-. 
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Figure 2: Transmission function calculated for [VO(C3S4O)2]2- in contact to Au electrodes [ 
inset: Intensity-voltage plot for spin up (red) and spin-down (blue) and the resultant total spin 
polarization (black).] 
 
The large spin polarization of the current can be drastically reduced by inelastic spin flip 
effects. In particular this spin-relaxation channel is active for minority spin transport, namely 
where the spin polarization of the moving electron is opposite to the molecule magnetization. 
The probability for this process is enhanced when the molecular state responsible for the spin 
transport overlaps significantly with the magnetic orbitals of the molecule, in this case with the 
orbitals associated to the V center. Thus we theoretically estimate its likelihood by calculating 
the local density of states centered on the conduction peaks, following the procedure detailed in 
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Ref. 13. As can be seen in Figure 3, both for the spin-up and for the spin-down peaks, the 
magnetic orbitals barely participate in the conduction channel, meaning that in principle we 
should expect the molecular spin to be stable even when filtering minority carriers. 
 
Figure 3: Local density of states associated to the two conduction peaks (left: Vgup=-0.51V, 
right: Vgdown=-0.63V) involved in the dual spin-filter process. The spin density is almost 
exclusively up (red) for Vgup and down (blue) for Vgdown.  
 
In summary, we can now propose [VO(C3S4O)2]2- and [V(α-C3S5)3]2- to be interesting molecules 
for creating dual spin filter molecular spintronics devices. We can expect this behavior in a wider 
spectrum of mononuclear magnetic complexes, as long as they present two strong and sharp 
conduction channels of opposite spin polarities in a limited energy range and in presence of a 
fixed polarizing magnetic field. In chemical terms, molecules need to establish only a moderate 
hybridization with the electrodes (sharp channels), and at the same time they need to be 
intrinsically strongly conductive, i.e. they need to be highly delocalized over the molecule. In the 
present example this is achieved by choosing a small molecule, [VO(C3S4O)2]2-, with a good 
aromatic channel but a weak contact with Au(111), due to the relatively weak O-Au bonds rather 
 10 
than the stronger and more common S-Au bonding. Additionally, the molecular spin state needs 
to survive to inelastic spin-flip in the conduction regime, meaning that they need to reside over 
different orbitals than those associated to the magnetic center. Since these requisites are not 
particularly exotic, one can appreciated that [VO(C3S4O)2]2-Au(111) should not be a rarity but 
rather a member of a wide set of molecular complexes that can perform dual spin filtering via a 
minimal switching gate voltage. 
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1: Theoretical Methodology 
Transport calculations are performed using the SMEAGOL code1 that interfaces the non-equilibrium 
Green’s function (NEGF) approach to electron transport with the density functional theory (DFT) 
package SIESTA2. All the structural relaxation calculation were performed using the original SIESTA 
code. 
In our simulations the transport junction is constructed by placing the molecule between two Au 
(111)-oriented surfaces with 5×5 cross section except the complex [V(C8S8)3]2-, which was sandwiched 
between two 7x7 Au (111) surface due to its larger size. This mimics a standard transport break-
junction experiment with the most used gold surface orientation. The choice of a gold electrode arises 
from stability of the sulfur-gold bond that ensures the best attachment between the molecule and the 
surfaces. The initial NM-surface  (NM= S, O) distance was set to 2.0 Å with the NM atom located at the 
‘hollow site’, the most stable absorption position discussed in literature.3  Thus, the entire structure is 
then relaxed until the maximum atomic forces are less than 0.01 eV/Å. A real space grid with an 
equivalent plane wave cutoff of 200 Ry (enough to assure convergence) has been used to calculate the 
various matrix elements. Finally the electronic temperature of the calculation is set to 0.1 K to mimic 
the low-temperature conditions needed in a typical break-junction experiment.  
The exchange-correlation potential is described by the Ceperley-Alder local density approximation 
(LDA)4 as implemented for using the ASIC approach (vide infra). Self-interaction error is one of the 
main problems when using local-density functionals for the study of the interfaces between inorganic 
leads and molecules. This error leads to an over-delocalization of the electronic density producing the 
HOMO orbitals to be artificially raised in energy. The LUMO orbitals could also be found at lower 
energy values that the commonly expected. In order to avoid this problem we have used the Atomic 
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Self Interaction Correction (ASIC) method.5 This methodology sets adequately the position of the 
HOMO orbital and improves the energy level alignment obtaining values of conductance in with a 
better correspondence with experiments.6 
 The Au-valence electrons are represented over a numerical s-only single-z basis set that has been 
previously demonstrated to offer a good description of the energy region around the Fermi level.7 In 
contrast, for the other atoms (S, C, V and O) we use a full-valence double-z basis set with polarization 
(basis size was increased until convergence). Norm-conserving Troullier-Martins pseudopotentials8 
(previously adapted to ASIC methodology) are employed to describe the core-electrons in all the cases. 
Considering the fact that all the molecules studied here are dianions, we have shifted the energy levels 
obtained by adding (removing) a specific number of charges depending of the molecular charge. The 
limitation of this approach is that these charges are only added for the calculation of the electrostatic 
potential but do not enter in the self-consistent charge density, thus they will only interact indirectly 
with the charges of the scattering region via the electrostatic potential. (See SMEAGOL manual for 
more details about calculations on charged systems). 
Finally, the spin-dependent current, Is , flowing through the junction is calculated from the 
Landauer-Büttiker formula9, 
!! ! =  !ℎ !! !,! [!!(! −!!!! !!)− !!(! − !!)]!" 
where the total current Itot is the sum of both the spin-polarized components , Is, s = spin up /spin 
down. Here !! !,!  is the transmission coefficient1 and !!/!   are the Fermi functions associated to the 
two electrodes chemical potentials, !!/! = !! ±  !/2, where !!is the electrodes common Fermi level.   
In our two-spin-fluid approximation (there is no spin-flip mechanism) majority and minority spins 
carry two separate spin currents and the resultant current spin polarization, SP, is calculated as  
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!" =  !!" − !!"#$!!" + !!"#$ 
 
Note that although this approach is widely used to perform theoretical predictions within the 
spintronic community,10 it has some limitations inherent to the basics of DFT methodology as pointed 
out by Lozano et al.11 One may note that the theoretical spin asymmetry corresponds to what is 
expected from an open-shell DFT calculation in a magnetic molecule. Thus, within the mono-
determinant approximation of DFT only a concrete MS state is calculated. In literature this has been 
sometimes confused with the obtainment of a super-efficient spin filter. This is a different scenario 
compared with our case, where the low temperature guarantees the spin orientation and it is 
experimentally fixed by an external polarizing magnetic field. 
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2: Determination of the density of states and I-V curves for the bis- and tris- dithiolate complexes. 
[V(α-C3S5)3]2- 
  
[V(β-C3S5)3]2- 
  
[V(C3S4O)3]2- 
  
[V(C8S8)3]2- 
  
Figure S.1: Left: Chemical structure of the tris-dithiolate anions. Inset: Lateral view of the NM-Au 
attachment. Centre: Calculated Density of states spectra. Right: Current-Voltage curves.  
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[VO(α-C3S5)2]2- 
  
[VO(β-C3S5)2]2- 
  
[VO(C3S4O)2]2- 
  
[VO(C8S8)2]2-   
Figure S.2: Left: Chemical structure of the tris-dithiolate anions. Inset: Lateral view of the NM-Au 
attachment.  Centre: Calculated Density of states spectra. Right: Current-Voltage curves.  
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Let us focus first on the first series, the vanadium tris-dithiolates. In terms of the gold – nonmetal bond, 
there are significant differences between, on the one side, the cases of [V(α-C3S5)3]2- and [V(β-C3S5)3]2- 
(Fig S1, Row 1, 2), which are directly linked by a single sulfur atom located in the energetically most 
favorable hollow space and, on the other side, the cases of [V(C3S4O)3]2- (Fig S1, Row 3), which is linked 
by a single oxygen in the hollow space and [V(C8S8)3]2- (Fig S1, Row 4), where four different sulfur 
atoms need to be accommodated in the most preferable locations while respecting the chemical 
structure of the molecule. In the two former cases the strong Au-S bonding allows a higher 
hybridization between molecule and electrodes, thus resulting in significantly wider and higher peaks 
in the density of states. In particular, a good compromise between selectivity and conductance is found 
for [V(α-C3S5)3]2- and can not be observed for [V(β-C3S5)3]2-. Contrarily, in  [V(C3S4O)3]2-, the presence 
of relatively weak Au-O bonds diminishes the hybridization; as a result, the obtained peaks are 
considerably sharp but sparse, making them useless as dual spin filters. In the latter case, [V(C8S8)3]2-, 
the optimal attachment cannot be achieved without jeopardizing the integrity of the molecule, since the 
most preferable positions are far enough to be reached by all the S atoms. Thus provokes a compromise 
situation between the bonding stabilization (Au-S) versus the stability of the ligand. This results in an 
effective weak attachment and thus in sharp peaks in the DOS. Unfortunately, this complex offers a 
dense spectrum with many sharp but close-lying peaks impeding the selection of this complex as a valid 
candidate. 
Focusing on the second series, the vanadyl bis-dithiolates, we can again observe similar trends 
compared with trisdithiolates. The two first complexes, [VO(α-C3S5)2]2- and [VO(β-C3S5)2]2- (Fig S2, 
Rows 1, 2), present the widest peaks among all studied cases, thus we deduce that the hybridization is 
very strong in these cases. The origin of this high interaction is likely related with the absence of a third 
 S8 
ligand where the charge can be delocalized. This absence might provoke an increase in the electronic 
density located in the Au-S bond and thus a major and stronger coupling between molecule and 
electrode. The two latter complexes [VO(C3S4O)2]2- (Fig S2, Row 3) and  [VO(C8S8)2]2- (Fig S2, Row 4), 
present sharper DOS peaks which make them promising in principle, but again, as happened with the 
previous series, the complex [VO(C8S8)2]2-, with larger ligands, possesses a richer and more complex 
DOS spectrum. This goes against its potential as a selective spin filter. 
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3: On the molecular trapping between two electrodes 
One of the main experimental limitations in single-molecule spintronics is the poor reproducibility in 
the attachment of the molecules to the electrodes.  Small differences in the electrode surface can have 
critical consequences in the electric (and magnetic) response of the molecular device, and break 
junction setups are inherently prone to at least minor irreproducibilities.  Furthermore, it is not 
straightforward to guarantee the 'cleanliness' in the molecular device: counterions, solvent molecules or 
even a nearby magnetic molecule can modify the behavior in critical ways. Finally, even with an 
isolated molecule between two reproducible surfaces at a given distance, there is often more than one 
stable molecule-electrode configuration. In sum, it is understandable that even cutting-edge works in 
the field need to refer to "sample A", "sample B", "sample C" to discuss the different experiments where 
uncontrolled parameters resulted in different electric and magnetic responses.12 
 
This experimental problem is compounded with calculations, since it is far from trivial to determine 
the truly fundamental configuration even for an isolated molecule between two Au(111) plates. As a 
consequence, we need to be very careful in the interpretations of our theoretical predictions.  It would 
be the scope of a more comprehensive study to obtain the relaxed structures starting from a wider set of 
electrode-molecule-electrode configurations, and even this would not solve the experimental problem 
of reproducibility. 
 
In the case of the present work, the details of our calculations will change with different structural 
arrangements, but the insights we acquired regarding molecular design are robust: in order to present 
dual spin filtering behavior, one needs a relatively simple transmission spectrum, with few, sharp, 
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strong transmission channels (these are necessary but not sufficient conditions). In chemical terms, this 
can be achieved by choosing a magnetic molecule that  
 
-is mononuclear (and thus presents less transmission channels than a polynuclear complex)  
-has a weak bonding to the electrodes (and thus presents sharp channels) and 
-is small and/or contains a good pi cloud (and thus has strong conductance). 
 
In addition, the spin needs to be localized in a magnetic orbital that is either orthogonal or at a 
different energy compared with the conduction orbitals. 
These criteria, while offering no guarantee, may guide the experimental efforts towards molecules that 
at least are good candidates to observe the desired behavior. 
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4: Previous molecular spin-filtering estimates: 
The idea of using molecules for spin-filtering is not new in itself. However, previous theoretical 
explorations of spin-filtering effects using unimolecular devices have been severely lacking. In a first 
example, the molecular structure was highly unrealistic from the chemical point of view, and the 
external stimulus for the switching was also ill-defined. This is the situation in the case of "Switching, 
Dual Spin-Filtering Effects, and Negative Differential Resistance in a Carbon-Based Molecular 
Device",13 where the proposed molecular device is based on the connection of two 4-carbon wide 
graphene nanoribbons, which act as leads, to a 1,4-bis(pentatetraene)benzene, which supposedly acts as 
switch. Moreover, the switching itself is also purely theoretical, since it requires a microscopic 90 
degree rotation of the 1,4 bis(pentatetraene)benzene with respect to the leads, with no clear indication 
of how to achieve such a controlled rotation. 
 
A similar situation is found for "Giant magnetoresistance effect and spin filters in phthalocyanine based 
molecular devices", 14, where the key to the behavior is the chemical fusion between a phthalocyanine 
molecule with two 8-carbon wide zig-zag graphene nanoribbons. In this case, however, no good dual 
spin filtering is observed, presumably due to the excellent contact between molecule and electrodes, 
which translates into wide, overlapping transmission peaks. 
 
A more extreme case is found for "Effects of the magnetic anchoring groups on spin-dependent 
transport properties of Ni(dmit)2 device",15 where dual spin filtering is predicted for a molecule that is 
theoretically derived from Ni(dmit)2 by substituting a sulphur atom by a Ni atom in one end of the 
molecule, and the equivalent sulphur atom in the opposite end by a Mn atom, and having the Ni and 
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Mn atoms act as bridges to the Au electrodes. While studies of this kind may have theoretical interest, 
they hold no potential for experimental realization. 
 
In two further studies, spin filtering was only found in a single direction, a comparatively trivial 
achievement, with no possibility for dual filtering. This is the case of "Rectifying, giant 
magnetoresistance, spin-filtering, newgative [sic] differential resistance, and switching effects in single 
molecule magnet Mn(dmit)2-based molecular device with grapheme nanoribbon electrodes".16 
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